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A B S T R A C T
Coagulase-negative staphylococci (CNS) contribute to the product quality of fermented meats. In spontaneously
fermented meats, CNS communities are variable and diﬃcult to predict, as their compositions depend on a
superposed combination of diﬀerent processing factors. To partially disentangle this superposition, a meat model
system was used to study the inﬂuence of temperature and pH on the CNS community dynamics. Therefore,
cured pork mince was prepared that was divided into three batches of diﬀerent initial acidity levels, namely pH
5.7, pH 5.5, and pH 5.3. These three batches were incubated at three diﬀerent temperatures, namely 23 °C, 30 °C,
and 37 °C. Hence, the experimental set-up resulted in nine combinations of diﬀerent temperature and initial pH
values. Samples were analysed after 3 and 14 days to monitor pH, colony counts, and species diversity of the CNS
communities, based on mannitol-salt-phenol-red agar (MSA) medium. At conditions of mild acidity (pH 5.7) and
low temperature (23 °C), as often encountered during artisan-type meat fermentations, a co-prevalence of
Staphylococcus xylosus, Staphylococcus equorum, and Staphylococcus saprophyticus occurred. At the same initial pH
but higher incubation temperatures (30 °C and 37 °C), Staphylococcus lugdunensis became the prevailing CNS
species, besides S. saprophyticus (30 °C) and the coagulase-positive species Staphylococcus aureus (37 °C). When
the initial pH was set at 5.5, S. saprophyticus was the prevailing CNS species at both 23 °C and 30 °C, but it was
replaced by Staphylococcus epidermidis and Staphylococcus simulans at 37 °C after 3 and 14 days, respectively. At
the most acidic conditions (pH 5.3), CNS counts declined and many of the MSA isolates were of non-staphy-
lococcal nature. Among others, Staphylococcus carnosus (23 °C), Staphylococcus warneri (30 °C), and S. epidermidis
(37 °C) were found. Overall, the results of the present study indicated that the processing factors temperature
and pH had a clear impact on the shaping of staphylococcal communities during meat fermentation.
1. Introduction
In Europe, fermented meat products are often perceived as tradi-
tional foods, of which the deﬁnition is not straightforward due to the
complex semiotics and cultural contingency involved (Leroy et al.,
2015). The reliance on spontaneous fermentation, rather than the use of
starter cultures to initiate sausage fermentation, is generally seen as an
artisan-type characteristic of tradition (Leroy et al., 2013). In such
cases, so-called house microbiota are relied upon (Blaiotta et al., 2004;
Leroy et al., 2006). These products display a considerable degree of
variability, as they depend on the raw materials used and the
speciﬁcities of the manufacturing environment, resulting in hetero-
geneous microbial communities (Talon et al., 2007). Whereas the lactic
acid bacteria (LAB) that cause acidiﬁcation of the meat usually narrow
down to dominance by Lactobacillus sakei and, to a lesser degree, Lac-
tobacillus curvatus and some pediococci and leuconostocs, the estab-
lishment of communities of coagulase-negative staphylococci (CNS) is
less foreseeable (Ravyts et al., 2012). Those CNS nevertheless display
important functional roles during meat fermentation with respect to the
development of colour, ﬂavour, and, potentially, safety (Sánchez
Mainar et al., 2017). In spontaneously fermented sausages of the
Mediterranean, the most dominant CNS species are generally
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Staphylococcus xylosus, Staphylococcus equorum, and Staphylococcus sa-
prophyticus (Cocolin et al., 2001a; Ravyts et al., 2012; Fonseca et al.,
2013; Greppi et al., 2015; Pisacane et al., 2015). Yet, a wide range of
many other CNS species can be encountered, such as Staphylococcus
epidermidis, Staphylococcus haemolyticus, Staphylococcus pasteuri, Sta-
phylococcus succinus, and Staphylococcus warneri (Chevallier et al., 2006;
Iacumin et al., 2006, 2012). Staphylococcus carnosus, although very
commonly applied as a meat starter culture, is rarely found in sponta-
neous meat fermentations and is usually comprised within the sub-
dominant CNS fraction (Talon et al., 2007; Ravyts et al., 2012).
Numerous process factors may potentially aﬀect the diversity and
dominance of speciﬁc CNS species during spontaneous meat fermen-
tation, including pH, the fermentation and maturation temperatures
applied, the type of meat and fat, the level of salt and carbohydrates
added, the sausage calibre, the degree of drying, and the use of
moulding or smoking (Leroy et al., 2014). Temperature is one of the
crucial factors aﬀecting the growth of certain CNS species as well as
their metabolism, but its direct impact is diﬃcult to estimate as it af-
fects almost any physicochemical reaction and metabolic pathway
(Olesen and Stahnke, 2004; Leroy et al., 2014). The fermentation
temperature can vary considerably between diﬀerent process settings,
usually being around 20–30 °C in European types of fermented sausage
and amounting up to 40 °C in North-American types (Leroy et al.,
2013). Several authors have evaluated the eﬀect of temperature on CNS
growth and metabolism, in particular for strains of S. xylosus and S.
carnosus, which are the two most commonly used species as starter
cultures in meat fermentations (Larrouture et al., 2000; Søndergaard
and Stahnke, 2002; Olesen and Stahnke, 2004; Ravyts et al., 2009). The
growth of both S. xylosus and S. carnosus strains seems to increase as the
temperature rises, especially within the range 23–30 °C, but little is
known about shifts in their relative ratios (Søndergaard and Stahnke,
2002; Flores and Toldrá, 2011). Regarding S. equorum, its adaptation to
low temperatures (Mauriello et al., 2004), together with its capability
to form bioﬁlms, may be one of the reasons explaining its dominance
during sausage ripening (Leroy et al., 2009). Temperature can also in-
directly aﬀect CNS communities by inﬂuencing the metabolic activity of
LAB, in particular their acidiﬁcation rates (Leroy et al., 2006). As such,
high temperatures lead to fast and severe pH drops. This is particularly
meaningful as the level of acidiﬁcation seems to have a profound in-
ﬂuence on the CNS composition. In Southern-European fermented
sausages, which are characterized by a mild pH, S. xylosus often dom-
inates at the end of ripening (Coppola et al., 1997; Rossi et al., 2001). At
the more acidic pH values encountered in fermented sausages of the
Northern-European type, S. carnosus seems to be better adapted
(Stahnke et al., 2002). The acidic tolerance by S. carnosus may explain
its common use in starter cultures, even if this CNS species is rarely
isolated during spontaneous fermentations (Janssens et al., 2012;
Aquilanti et al., 2016). Additionally, a moulding treatment, which is
sometimes applied after fermentation and results in an increased pH
due to lactate utilization by the moulds, seems to favour the presence of
S. equorum over S. saprophyticus (Janssens et al., 2013).
As CNS display a lot of inter- and intraspecies heterogeneity in the
metabolic properties that can aﬀect product quality (Janssens et al.,
2013; Sánchez Mainar et al., 2014; Stavropoulou et al., 2015), there is a
need for increased knowledge on how particular process factors steer
towards speciﬁc CNS communities (Ravyts et al., 2012). Therefore, the
aim of the present study was to investigate whether diﬀerent fermen-
tation temperatures and pH levels have an impact on the distribution
and prevalence of diﬀerent CNS species during meat fermentation.
2. Materials and methods
2.1. Meat model preparation and experimental set-up
For the preparation of the meat batter, the following ingredients
were mixed: fresh pork mince (4 kg, without added fat fraction;
obtained from a local butcher), sodium chloride at 3.0% (m/m; Merck
Millipore, Darmstadt, Germany), sodium nitrate at 150mg/kg (VWR
International, Darmstadt, Germany), and ascorbic acid at 500mg/kg
(Sigma-Aldrich, St. Louis, MO, USA). A single lot of meat was used to
rule out variability at this level, at the same time also deﬁning the limits
of this study. This mixture was divided into three parts and the pH of
each part was adjusted to a diﬀerent value, namely pH 5.7 (the original
pH of the meat batter), pH 5.5, and pH 5.3, to evaluate the impact of the
initial pH. For the latter two cases, the pH values were achieved by
adding a 70% lactic acid solution (Sigma-Aldrich). The meat mixture
was stuﬀed into a total of six plastic 60-ml containers per batch, con-
taining about 100 g per container (closed lid) to ﬁll up the volume and
enable fermentation in the absence of air. The containers were placed
into three diﬀerent incubators at 23 °C, 30 °C, and 37 °C to assess po-
tential variations at the level of the fermentation stage according to
temperature (the former two being representative for European sau-
sages, the latter for North America; Leroy et al., 2006). Together with
the variation in initial pH of the meat batter, this set-up resulted in a
combination of nine diﬀerent temperature-pH scenarios. The fermen-
tation was followed for 14 days and samples were taken for analysis
after 0, 3, and 14 days of incubation. At each time point, two randomly
selected containers were picked up for analysis. For bacterial enu-
merations, one sample per container was taken (duplicate). For pH
measurements, two measurements per container were performed in two
diﬀerent parts of the meat batter (quadruplicate).
2.2. Enumeration and isolation of microorganisms
Twelve grams of meat sample were aseptically transferred into a
stomacher bag (Seward, Worthing, West Sussex, UK) together with
108ml of maximum recovery diluents [sterile solution of 0.85% (m/v)
NaCl (VWR International) and 0.1% (m/v) bacteriological peptone
(Oxoid, Basingstoke, Hampshire, UK)]. This mixture was homogenized
at maximum speed for 2min in a Laboratory Blender Stomacher 400
(Seward) and appropriate decimal dilutions in saline were prepared and
spread on selective agar media. Mannitol salt-phenol-red agar (MSA;
VWR International) and de Man-Rogosa-Sharpe (MRS) agar media
(Oxoid) were used for the enumeration of presumptive CNS and LAB,
respectively. The MSA and MRS agar media were incubated at 30 °C for
at least two days and MSA and MRS agars containing 30 to 300 colonies
were retained to pick up colonies (5–30%) to follow the bacterial
community dynamics. From MSA, 30% of the colonies were picked up
(4–45 colonies per time point); from MRS agar, this amounted to 5–10%
(6–15 colonies per time point). These colonies were randomly selected
and transferred into brain heart infusion (BHI; Oxoid) and MRS media,
respectively. The cultures were incubated overnight at 30 °C and used
for DNA extraction as well as storage at−80 °C in cryovials containing
25% (v/v) of glycerol.
2.3. pH measurement
After sampling, the pH was measured directly in the meat batter
with a DY-P10 pH meter (Sartorius, Göttingen, Germany) equipped
with an insertion pH probe (VWR International).
2.4. Classiﬁcation and identiﬁcation of bacterial isolates through (GTG)5-
PCR ﬁngerprinting of genomic DNA
Genomic DNA extraction from cell pellets obtained by micro-
centrifugation at 13,000 rpm of 1.5 ml of an overnight culture of the
isolates mentioned above was performed with a Nucleospin 96 tissue kit
(Macherey Nagel, Düren, Germany), according to the manufacturer's
instructions. Prior to extraction, all cell pellets were washed with Tris-
ethylene diaminotetraacetic acid (EDTA)-sucrose buﬀer [TES buﬀer;
50mM Tris base (Calbiochem, Darmstadt, Germany), 1 mM EDTA
(Sigma-Aldrich), and 6.7% (m/v) sucrose (VWR International); pH 8.0].
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Subsequently, (GTG)5-PCR ﬁngerprints of the genomic DNA were ob-
tained, followed by image analysis, as described previously (Braem
et al., 2011). Numerical analysis of the ﬁngerprints obtained was per-
formed with BioNumerics 5.1 software (Applied Maths, Sint-Martens-
Latem, Belgium). Conﬁrmation of the species identity assigned to each
cluster was done by sequencing of the 16S rRNA and/or rpoB genes of
representative isolates, as described previously (Braem et al., 2011).
The accession numbers of the representative isolates identiﬁed, as well
as their percentage of identity, are listed in Table 1.
2.5. Detection of volatile compounds
The volatile compounds were measured by solid-phase micro-
extraction (SPME) and gas chromatography coupled to mass spectro-
metry (GC-MS). Samples were prepared in triplicates in headspace vials
containing 2.5 g of sample, 0.5 g of sodium chloride to enhance vola-
tility (Kolb and Ettre, 2006), and a known amount of 4-methyl-2-pen-
tanol (Fluka, Buchs, Switzerland) as internal standard. Analyses were
performed with an Agilent 6890 gas chromatograph (Agilent Technol-
ogies; Santa Clara, CA, USA), with a MPS2 Gerstel autosampler (Gerstel
GmbH & Co. KG, Mülheim-an-der-Ruhr, Germany), and coupled to an
Agilent 5973N mass spectrometer (Agilent Technologies). The capillary
column used was a J&W 122–5512 DB-5ms (15m×0.25mm x
0.25 μm; Agilent Technologies) and the SPME device (Supelco, Belle-
fonte, PA, USA) was equipped with a 75-μm divinylbenzene/carboxen/
polydimethylsiloxane (DVS/CAR/PDMS) ﬁbre. Helium was used as
Table 1
Identities (%) of the sequenced genes (16S rRNA and/or rpoB) of representative
isolates from MRS agar and MSA and the accession numbers of the entries with
the highest identity.
Species Accession number Gene %
Bacillus sp. KX011931.1 16S rRNA 96
Corynebacterium sp. KU252658.1 16S rRNA 97
KP114214.1 16S rRNA 95
Lactobacillus curvatus KU936208.1 16S rRNA 98
Lactobacillus paracasei KU315108.1 16S rRNA 98
Lactobacillus sakei CP020806.1 16S rRNA 98
Macrococcus sp. CP021058.1 16S rRNA 96
Pediococcus pentosaceus MF067484.1 16S rRNA 98
Staphylococcus aureus NC_002951.2 rpoB 98
NC_002951.2 16S rRNA 99
Staphylococcus carnosus AM295250.1 rpoB 98
Staphylococcus epidermidis NC_002976.3 rpoB 100
NC_004461.1 rpoB 98
NC_004461.1 16S rRNA 99
Staphylococcus equorum LM651926.1 rpoB 98
Staphylococcus haemolyticus NC_007168.1 rpoB 98
LM651919.1 rpoB 98
Staphylococcus lugdunensis FR870271.1 rpoB 99
Staphylococcus saprophyticus AP008934.1 rpoB 99
NC_007350.1 16S rRNA 99
Staphylococcus simulans KP325405.1 rpoB 98
Staphylococcus warneri AF325895.1 rpoB 98
KX765190.1 16S rRNA 99
Staphylococcus xylosus LN554884.1 rpoB 99
Fig. 1. Species diversity, MRS (▵) and MSA (□) counts, and pH evolution (♦) of meat batter with initial pH 5.7, incubated at 23 °C, 30 °C, and 37 °C for 14 days. The
bacterial species diversity is displayed as relative abundances, calculated based on the number of isolates (N) obtained per time point (3 and 14 days of meat
fermentation).
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carrier gas with a ﬂow rate of 1.2 ml/min. Samples were equilibrated by
agitation at 60 °C for 5min prior to injection. The injection port was set
in split mode with a ratio 5:1 (bake-out needle at 260 °C for 10min,
incubation at 60 °C for 5min, and extraction time for 30min). The in-
jection volume was set at 1ml, at a rate of 500 μl/s. The oven tem-
perature program consisted of an initial step at 28 °C for 3min, followed
by a linear increase from 28 to 220 °C at 20 °C/min. Finally, the tem-
perature remained constant at 220 °C for 5min. The temperature of the
transfer line was held at 280 °C. Detection was done by an MS detector
(ionisation energy 70 eV, 4.1 scans/s, source 230 °C, scan range 47–200
m/z). Identiﬁcation of the peaks was done by comparison with standard
compounds that were injected separately and with library data (NIST
08; https://www.nist.gov). The peak areas of the examined compounds
were considered only in case they exceeded three times the baseline
signal (Aguinaga et al., 2008). All values were expressed as peak area,
corrected based on the internal standard area.
3. Results
3.1. Inﬂuence of an initial pH 5.7 of the meat batter on the bacterial
community dynamics during meat fermentations at diﬀerent temperatures
The cured raw meat with a pH of 5.70 ± 0.02 underwent a pH drop
to 5.26 ± 0.02, 5.33 ± 0.01, or 5.41 ± 0.02 after three days when
incubated at 23 °C, 30 °C, or 37 °C, respectively. Subsequently, the pH
increased, following a temperature-dependent pattern that was more
pronounced at 37 °C (ﬁnal pH of 5.93 ± 0.04) than at 23 °C (ﬁnal pH of
5.41 ± 0.01). The initial population of presumptive CNS (MSA counts)
was estimated at 4.02 ± 0.25 log (cfu/g). After the ﬁrst three days of
fermentation, it increased to 6.88 ± 0.10, 7.35 ± 0.02, or
7.56 ± 0.27 log (cfu/g) at 23 °C, 30 °C, or 37 °C, respectively, followed
by a slight decrease (Fig. 1). The presumptive LAB followed approxi-
mately the same pattern, increasing from 5.68 ± 0.70 to 8.27 ± 0.11
log (cfu/g) after three days of meat fermentation. They remained stable
at 23 °C or decreased to 7.88 ± 0.05 log (cfu/g) at 30 °C and to
7.57 ± 0.23 log (cfu/g) at 37 °C.
Three CNS species were recovered from the initial meat batter,
namely S. equorum, S. saprophyticus, and S. xylosus, with the former
being the prevalent species representing more than 50% of the MSA
isolates identiﬁed (Fig. 1). In addition, non-staphylococcal species were
isolated from MSA, belonging mainly to the genera Bacillus and Cor-
ynebacterium (Table 2). When the meat fermentations were performed
at low temperature (23 °C), the relative abundance of the above-men-
tioned CNS species changed, with S. saprophyticus being favoured after
three days. By the end of the fermentations, a co-prevalence of the same
three CNS species was found, besides the emergence of a minor fraction
of S. haemolyticus. When the incubation temperature was set at 30 °C, S.
saprophyticus became the most prevalent CNS species after three days of
meat fermentation, as S. equorum decreased to less than 10% of the total
MSA isolates identiﬁed. Several minor CNS species emerged, including
S. carnosus, S. epidermidis, and S. haemolyticus, whereas at the end of the
meat fermentations a co-prevalence of Staphylococcus lugdunensis and S.
saprophyticus was obtained. Staphylococcus xylosus was also detected by
the end of the meat fermentations but its relative abundance decreased
after 14 days, as other minor fractions of S. warneri and Macrococcus
spp. appeared. At the highest incubation temperature (37 °C), S. lug-
dunensis was again prevalent but in this case accompanied by coagu-
lase-positive Staphylococcus aureus, which was even more competitive.
Of the three initial CNS species, only S. saprophyticus could be recovered
throughout the fermentations, albeit only as a minor fraction, besides
some isolates of S. epidermidis after 3 days and of S. haemolyticus after
both 3 and 14 days.
Regarding the LAB, L. sakei was the only species recovered from the
raw meat batter, as investigated on MRS agar (Table 3). This species
was also prevalent during the fermentation at 23 °C after 3 days, but
was accompanied by L. curvatus (17% of the isolates from MRS agar)
after 14 days. With increasing temperatures, the prevalence of L. sakei
during fermentation became less pronounced. This was especially the
case at 37 °C, for which the species represented less than half of the
MRS isolates, besides L. curvatus and Pediococcus pentosaceus.
3.2. Inﬂuence of an initial pH 5.5 of the meat batter on the bacterial
community dynamics during meat fermentations at diﬀerent temperatures
When the initial meat batter was adjusted to pH 5.53 ± 0.01, the
pH subsequently dropped to 5.21 ± 0.02 at day 3, independent of the
incubation temperature (Fig. 2). By the end of the meat fermentations,
an increase in pH was found to ﬁnal values of 5.28 ± 0.01,
5.37 ± 0.01, or 5.67 ± 0.01 at 23 °C, 30 °C, or 37 °C, respectively.
When compared to the meat fermentation experiments at pH 5.7, sta-
phylococcal growth was less marked. At 23 °C, the MSA counts re-
mained stable throughout the fermentations at around 4.40 log (cfu/g),
although some growth was found after three days for the meat fer-
mentations at 30 °C [5.77 ± 0.14 log (cfu/g)] and 37 °C [6.41 ± 0.05
log (cfu/g)], which was followed by a decrease to 5.40 ± 0.01 or
5.23 ± 0.06 log (cfu/g), respectively, at the end of the incubation. The
presumptive LAB were not markedly aﬀected, as the evolution of the
MRS counts was comparable with the meat fermentations performed at
Table 2
Relative abundance of non-Staphylococcaceae species within the total amount of MSA isolates identiﬁed. On the raw meat, 18% of the total MSA isolates were
identiﬁed as Corynebacterium sp. and 6% as Bacillus sp.
Initial pH Temperature (C°) Time (days) Species (relative abundance, %)
Corynebacterium sp. Lactobacillus curvatus Lactobacillus sakei
5.7 23 3 6 0 6
14 0 12 0
30 3 5 11 0
14 5 7 4
5.5 23 3 0 0 23
14 24 0 31
30 3 11 6 15
14 36 5 5
37 3 20 0 0
14 11 0 22
5.3 23 3 0 0 67
14 0 50 50
30 3 13 15 0
14 17 23 29
37 3 0 13 0
14 0 29 71
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an initial pH of 5.7. As such, the LAB increased to approximately
8.1–8.4 log (cfu/g) at day 3 and, thereafter, evolved to 8.31 ± 0.10,
7.90 ± 0.05, and 7.31 ± 0.12 log (cfu/g) when the meat
fermentations were carried out at 23 °C, 30 °C, and 37 °C, respectively.
Of the three initial CNS species, only S. saprophyticus managed to
prevail as a dominant member of the staphylococcal communities till
Table 3
Relative abundance of species of lactic acid bacteria within the total amount of isolates from MRS agar identiﬁed. On the raw meat, 100% of the total MRS isolates
were identiﬁed as L. sakei.
Initial pH Temperature (C°) Time (days) Species (relative abundance, %)
Lactobacillus sakei Lactobacillus curvatus Pediococcus pentosaceus Lactobacillus paracasei
5.7 23 3 100 0 0 0
14 83 17 0 0
30 3 80 20 0 0
14 71 15 14 0
37 3 20 10 70 0
14 43 43 14 0
5.5 23 3 100 0 0 0
14 100 0 0 0
30 3 78 11 11 0
14 75 13 12 0
37 3 45 27 28 0
14 33 0 50 17
5.3 23 3 100 0 0 0
14 83 17 0 0
30 3 75 25 0 0
14 60 20 0 20
37 3 12 25 63 0
14 11 89 0 0
Fig. 2. Species diversity, MRS (▵) and MSA (□) counts, and pH evolution (♦) of meat batter with initial pH 5.5, incubated at 23 °C, 30 °C, and 37 °C for 14 days. The
bacterial species diversity is displayed as relative abundances, calculated based on the number of isolates (N) obtained per time point (3 and 14 days of meat
fermentation).
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the end of the meat fermentations, and this only at 23 °C and 30 °C. At
37 °C, however, this species was overtaken by S. epidermidis after 3 days
and by S. simulans after 14 days. At 37 °C, S. lugdunensis isolates were
also recovered, both after 3 and 14 days. Although they were occa-
sionally recovered, S. saprophyticus and S. xylosus were reduced to a
minority or disappeared. Non-staphylococcal species were also present
already after day 3 and increased by the end of the meat fermentations,
especially at 23 °C, for which Corynebacterium sp. and Lactobacillus spp.
were isolated from MSA.
As for the batch with an initial pH of 5.7, L. sakei was the most
abundant LAB species, albeit with a decreasing prevalence at higher
temperatures (Table 3). At 23 °C, it was the only species recovered from
MRS agar throughout the period investigated. However, the species was
joined by L. curvatus and P. pentosaceus at 30 °C and, additionally, by
Lactobacillus paracasei at 37 °C.
3.3. Inﬂuence of an initial pH 5.3 of the meat batter on the bacterial
community dynamics during meat fermentations at diﬀerent temperatures
An initial pH of 5.3 further decreased to 5.02 ± 0.02 after 3 days of
meat fermentation at all temperatures investigated, which was followed
by an increase in all cases (Fig. 3). The ﬁnal pH values of the diﬀerent
batches were 5.10 ± 0.01 at 23 °C, 5.17 ± 0.02 at 30 °C, and
5.33 ± 0.01 at 37 °C. At such low pH values, the growth of CNS was
seriously impaired, whereby their MSA counts either remained stable
[4.18–4.23 log (cfu/g) at 37 °C] or declined [3.40 ± 0.03 log (cfu/g) at
23 °C or 2.70 ± 0.15 log (cfu/g) at 30 °C]. The LAB counts increased up
to 8.19 ± 0.23 log (cfu/g) at day 3 and then either remained stable at
23 °C or decreased to 7.51 ± 0.06 or 7.43 ± 0.08 log (cfu/g) at 30 °C
or 37 °C, respectively.
The detrimental eﬀect of these harsh pH conditions on the CNS
communities was also noticed when their species diversity was in-
vestigated, as most of the MSA isolates identiﬁed were of a non-sta-
phylococcal nature. In general, S. equorum was quickly outcompeted
and was not found during the meat fermentations at any of the tem-
peratures investigated. At both 30 °C and 37 °C, S. saprophyticus and S.
xylosus isolates were found after 3 days, although only the former
species could also be recovered at the end-point of the meat fermen-
tation experiments at 30 °C. At 23 °C, none of the initial CNS species
could be found, as S. carnosus appeared at about 30%. Besides some
occasional presence of S. warneri and S. haemolyticus, it is worth noting
that S. epidermidis reached around 60% of the MSA isolates identiﬁed
after 3 days for meat fermentations at 37 °C. Thereafter, the species
could no longer be recovered and the entire MSA isolate collection
identiﬁed consisted of non-staphylococcal species.
As for the meat batters with an initial pH of 5.3 and pH 5.5, the LAB
communities at 23 °C consisted mostly of L. sakei besides some L. cur-
vatus (Table 3). With increasing temperature, the relative prevalence
ratio inverted from a dominant position for L. sakei towards a higher
prevalence of L. curvatus. At 30 °C and 37 °C, respectively, also some L.
paracasei and P. pentosaceus isolates were found.
Fig. 3. Species diversity, MRS (▵) and MSA (□) counts, and pH evolution (♦) of meat batter with initial pH 5.3, incubated at 23 °C, 30 °C, and 37 °C for 14 days. The
bacterial species diversity is displayed as relative abundance, calculated based on the number of isolates (N) obtained per time point (3 and 14 days of meat
fermentation).
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3.4. Volatile analysis
A wide variety of volatile compounds was found, originating from
microbial metabolism (i.e., the conversion of amino acids, carbohy-
drates, and fatty acids) as well as from chemical reactions (lipid auto-
oxidation) in the diﬀerent batches (Table S1). Yet, no convincing dis-
criminatory patterns in volatile proﬁles were noticeable except for the
ﬁnding that, after 14 days, indole, 2-pentanone, and dimethyl dis-
ulphide were found only in the batches that were incubated at 37 °C and
that had been prepared from meat with an initial pH of 5.5 or 5.7. These
batches also had a distinct unpleasant smell.
4. Discussion
CNS are indispensable microorganisms in fermented meat products
concerning their contribution to colour development through their ni-
trate reductase activity and to ﬂavour generation through their meta-
bolism of carbohydrates, amino acids, and fatty acids (Sánchez Mainar
et al., 2017). The CNS species that are most commonly found in spon-
taneously fermented sausages are S. xylosus, S. saprophyticus, and S.
equorum, especially in Mediterranean-type products that are char-
acterized by a low to mild acidiﬁcation proﬁle (García-Varona et al.,
2000; Papamanoli et al., 2002; Drosinos et al., 2005; Fonseca et al.,
2013; Greppi et al., 2015; Pisacane et al., 2015). Their overall compe-
titiveness under such conditions was also underlined in the present
study making use of meat model fermentations. In particular, when the
conditions applied were similar to the conditions of spontaneous meat
fermentations in Southern-European meat products (23–30 °C, pH
5.7–5.5), the CNS species S. equorum, S. saprophyticus, and S. xylosus
were the most prevalent. Additional CNS species, such as S. epidermidis,
S. haemolyticus and S. warneri, were relatively less abundant under these
conditions and only present at the end of the fermentations. This con-
ﬁrmed the increased extent of the species diversity that characterizes
Southern-European fermented meat products (Coppola et al., 2000;
Chevallier et al., 2006; Iacumin et al., 2006, 2012).
Furthermore, S. epidermidis and S. lugdunensis, CNS species that are
often encountered as opportunistic pathogens and that may cause
human infections (Böcher et al., 2009; Widerström, 2016), were iso-
lated when the meat fermentations took place under conditions fa-
vourable for their growth (an initial pH of 5.7, either at 30 °C or 37 °C).
Those species have been isolated from fermented meat products as part
of the subdominant microbiota in previous studies (Coppola et al.,
2000; Cocolin et al., 2001b). An autochthonous strain of S. epidermidis
has even been studied as a potential starter culture (Fonseca et al.,
2013). However, both species are not very competitive under acidifying
meat fermentation conditions so that their prevalence is rather unlikely.
Thus, the relative ratios of the dominant CNS species seem to de-
pend on variations in the processing conditions. In Greek sausages, for
instance, S. saprophyticus has been reported as the most prevalent CNS
species (Samelis et al., 1998; Papamanoli et al., 2002), whereas in
Spanish chorizo (García-Varona et al., 2000) and many Italian sausages
(Cocolin et al., 2001b; Rossi et al., 2001), S. xylosus seems to be more
prominent. Moreover, in artisan-type French sausages, S. equorum is
often recorded to prevail (Corbière Morot-Bizot et al., 2006). Although
geographical variations may indeed play a role in the relative abun-
dance of CNS species to some extent, such eﬀects on species diversity
probably relate essentially to diﬀerences in temperature and acidiﬁca-
tion proﬁles between diﬀerent types of products. For instance, while S.
equorum was the most represented CNS species at 23 °C and an initial
pH of 5.7 in the present study, the leading role was taken over by S.
saprophyticus in the meat model fermentations at the same temperature
but with an initial pH of 5.5. Such a shift from S. equorum to S. sapro-
phyticus due to a reduction in pH has also been mentioned when com-
paring diﬀerent types of artisan-type Belgian fermented sausages
(Janssens et al., 2013). In contrast, S. equorum was more competitive
than S. saprophyticus when the meat model fermentations at 23 °C were
compared with those at 30 °C, at the same initial pH of 5.7. Indeed, S.
equorum seems to be well adapted to low temperatures, provided that
the pH is not too low (Mauriello et al., 2004; Leroy et al., 2009).
At the highest initial acidity (pH 5.3) and temperature values (37 °C)
applied, the CNS communities changed more profoundly and the pre-
valence of the usual three CNS species was no longer manifest. At 23 °C
and an initial pH of 5.3, for instance, S. carnosus appeared and this
conﬁrmed its characteristic of acid-resistant CNS species (Stahnke et al.,
2002; Ravyts et al., 2010; Janssens et al., 2012). When the temperature
increased to 37 °C, a situation beyond the usual temperatures for most
European fermented meat products but relevant for meat fermentation
in North America (Leroy et al., 2006, 2014), S. epidermidis was found for
all three diﬀerent initial pH values applied during the meat model
fermentations, but especially when the initial pH was set at 5.3. Al-
though S. epidermidis could survive better under those conditions than
the rest of the CNS species after 3 days of fermentation, it also vanished
after 14 days, especially at pH 5.3, for which the beneﬁt of a high
temperature was eliminated. This result is in line with previous ob-
servations, whereby S. epidermidis has been identiﬁed together with S.
carnosus in acidic fermented sausages (Aymerich et al., 2003). This CNS
species has also been detected in small proportion in a Spanish tradi-
tional fermented pork sausage (García-Fontan et al., 2007). As men-
tioned above for S. carnosus, S. epidermidis strains also seem to com-
monly possess arginine deiminase activity, which may help in acid
resistance (Sánchez Mainar et al., 2014). Additionally, it has been found
that strains of both CNS species are able to produce more biogenic
amines than strains of other species (Stavropoulou et al., 2015), a
characteristic which is a known acidic stress resistance strategy. At
37 °C and an initial pH of 5.5, S. simulans was also present, which is to
be considered as a rather subdominant CNS species, although it has
been found to be among the most prevalent species following S. sa-
prophyticus and S. xylosus in Greek fermented sausages (Drosinos et al.,
2005).
At 37 °C and an initial pH of 5.7, the pathogenic, coagulase-positive
species S. aureus was found as the prevalent staphylococcal species after
14 days of meat fermentation. This is not trivial, as the production of
enterotoxins by strains of S. aureus is one of the most frequent causes of
food poisoning during raw meat fermentation (Schmitt et al., 1990;
Sameshima et al., 1998). The temperature range within which S. aureus
is able to grow is wide, but its optimum growth temperature is indeed
37 °C (Sutherland et al., 1994). A possible explanation why S. aureus
was only detected at pH 5.7 and not at lower pH values is that it dis-
plays optimal growth at pH 6–7, although its pH growth range is 4–10
(Baird-Parker, 1990). Although S. aureus is not commonly found in
fermented meat products, the conditions applied in this case seem to
have been favourable for its growth rather than for the usual CNS
species that are associated with meat fermentation. In addition to S.
aureus, S. haemolyticus was also remarkably prevalent at this condition,
which is a potential health concern as well, since it has been char-
acterized as an opportunistic pathogen (Barros et al., 2012). In a former
study, the determination of the whole-genome sequence of a S. hae-
molyticus strain has revealed the presence of many antibiotic resistance
genes and it is also known that this species plays a potential role in
urinary tract infections, septicaemia, and otitis (Takeuchi et al., 2005).
Staphylococcus haemolyticus has also frequently been associated with
bovine intramammary infections together with other CNS species
(Piessens et al., 2012). It has been found previously in fermented meats,
but only sporadically (Iacumin et al., 2006). The species is indeed
known to be poorly competitive during sausage fermentation, even at
mild acidiﬁcation conditions (Sánchez Mainar and Leroy, 2015).
Compared to the complexity of the CNS consortium, the LAB com-
munities were somewhat simpler and mostly dominated by L. sakei,
especially at 23 °C. Yet, a co-prevalence with L. curvatus and/or P.
pentosaceus also occurred, in addition to some occasional occurrence of
L. paracasei. The mesophilic species L. sakei is indeed well-adapted to
the meat environment, whereas pediococci are more adapted to higher
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fermentation temperatures (Ravyts et al., 2012). Therefore, L. sakei is
generally able to prevail in most European fermented sausages, besides
some L. curvatus, narrowing down the LAB species diversity (Aymerich
et al., 2006; Cocolin et al., 2009; Janssens et al., 2012, 2013). Finally,
non-staphylococcal genera, including Corynebacterium and Bacillus, may
occur during meat fermentation, especially at low initial pH, when the
competitiveness with CNS was low. Previous reports have indeed shown
that these species can be recovered from MSA, despite the selective
character of this agar medium (Han et al., 2007; Braem et al., 2013; De
Visscher et al., 2013).
In conclusion, this study indicated the profound inﬂuence of the
processing parameters of temperature and acidiﬁcation on the conﬁg-
uration of staphylococcal communities during meat fermentation.
Moreover, the results shed a new light on staphylococcal ecology. CNS
species are not only of importance in view of quality generation during
meat fermentations but also with respect to the avoidance of potentially
hazardous situations, related to the growth of pathogenic microorgan-
isms. Future research may also explore whether the addition of strains
of speciﬁc CNS species as starter cultures may (or may not) overrule the
CNS communities emerging from the background of the raw meat. Also,
it remains to be investigated to which degree the initial microbial
composition of the starting material is able to aﬀect the outcome of the
fermentation process. In other words, it needs to be demonstrated if the
community dynamics of CNS populations are more extensively aﬀected
by the initial species diversity in the raw materials or by the selective
eﬀects due to processing. Finally, the controlled methodological setup
of the present study will have to be validated in a context of industrial
manufacturing, involving oxygen gradients due to the permeability of
the casing material and the speciﬁc, product-dependent maturation
conditions of temperature and relative humidity.
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